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NEWS FROM THE LHC

$+ A NEW FORCE HAS BEEN DISCOVERED, THE
FIRST EVER SEEN?* NOT RELATED TO A GAUGE
SYMMETRY.

“fundamental, ie with elementary mediators.
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NEWS FROM THE LHC

ATLAS
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4+ ITS MEDIATOR LOOKS A LOT LIKE THE SM SCALAR:
H-UNIVERSALITY OF THE COUPLINGS
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NEWS FROM THE LHC

Feb 2014 - CMS Preliminary

© 7 TeV CMS measurement (L < 5.0 fo™)

¢ 8 TeV CMS measurement (L < 19.6fb™)
—7 TeV Theory prediction
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Even this plot actually needs theory input (and the total quoted
uncertainty in the measurements does have a contribution from theory)!!l
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ATLAS Exotics Searches* - 95% CL Exclusion ATLAS Preliminary

Status: ICHEP 2014 [£dt=(1.0-203)fb 5=7,8TeV
Model 6y Jets ET™ [Ldiib] Mass limit Reference
ADD Gkk + g/q - 1-2] Yes 4.7 D I I I n=2 1210.4491
ADD non-resonant (£ 2e,u - - 20.3 n=3HLZ ATLAS-CONF-2014-030
ADD QBH — (g 1e,u 1] - 20.3 n==6 1311.2006
ADD QBH - 2j - 20.3 n==6 to be submitted to PRD
ADD BH high Ny 2 u(SS) - - 20.3 n =6, Mp = 1.5 TeV, non-rot BH 1308.4075
ADD BH high 3 pr >leu >2j - 20.3 n=6, Mp = 1.5 TeV, non-rot BH 1405.4254
RS1 Gyx — (¢ 2epu - - 20.3 k/Mp = 0.1 1405.4123
RS1 Gk — WW — (viy 2epu - Yes 4.7 k/Mp = 0.1 1208.2880
Bulk RS Gyk — ZZ — (lqq 2e,pu 2j/1J - 20.3 k/Mp =1.0 ATLAS-CONF-2014-039
Bulk RS Gxx — HH — bbbb - 4b - 19.5 Gk mass 590-710 Gev [l k/Mp = 1.0 ATLAS-CONF-2014-005
Bulk RS gxk — tt le,u >1b,>1J2) Yes 14.3 BR =0.925 ATLAS-CONF-2013-052
S'1Z, ED 2e,pu - - 5.0 1209.2535
UED 2y - Yes 4.8 ATLAS-CONF-2012-072
w SSMZ -t 2e,pu - - 20.3 1405.4123
S SSMZ >r1r 27 - - 195 ATLAS-CONF-2013-066
§ SSM W' = (v 1epu - Yes 203 ATLAS-CONF-2014-017
° EGM W’ - WZ — v ('l 3eu - Yes 20.3 1406.4456
® EGMW’ - WZ - qqlt 2e,u 2j/1J - 20.3 ATLAS-CONF-2014-039
@ LRSM W - tb Tepu 2b01j Yes 143 ATLAS-CONF-2013-050
LRSM W}’? — tb Oe,u >1b1J - 20.3 to be submitted to EPJC
Cl gqqq - 2j - 4.8 1210.1718
. Cl gqtt 2e,pu - - 20.3 e =-1 ATLAS-CONF-2014-030
Cl uutt 2e,u(SS) 21b,>21j Yes 14.3 ICl=1 ATLAS-CONF-2013-051
S EFT D5 operator (Dirac) Oe pu 1-2]j Yes 10.5 at90% CL for m(y) < 80 GeV ATLAS-CONF-2012-147
Q EFT D9 operator (Dirac) Oe,u 1J,<1j  Yes 20.3 at90% CL for m(y) < 100 GeV 1309.4017
Scalar LQ 15t gen 2e >2]j - 1.0 p=1 1112.4828
. Scalar LQ 2" gen 2u >2j - 1.0 B=1 1203.3172
Scalar LQ 3 gen leu 17  1b1j - 4.7 p=1 1303.0526
Vector-like quark TT — Ht + X leu =>2b,>4j Yes 14.3 T in (T,B) doublet ATLAS-CONF-2013-018
> L@ \Vectorlikequark TT - Wb+ X leu >=1b>3] Yes 143 isospin singlet ATLAS-CONF-2013-060
S § Vector-like quark TT — Zt + X 2/>3e,u  >2/>1b - 20.3 T in (T,B) doublet ATLAS-CONF-2014-036
L T Vector-like quark BB - Zb+ X 2/>3e,u  >2/>1b - 20.3 B in (B,Y) doublet ATLAS-CONF-2014-036
Vector-like quark BB —» Wt + X 2e,u(SS) >1b,>1j Yes 14.3 B in (T,B) doublet ATLAS-CONF-2013-051
Excited quark ¢* — qy 1y 1] - 20.3 only u* and d*, A = m(q") 1309.3230
Excited quark g* — qg - 2j - 20.3 only u* and d*, A = m(q*) to be submitted to PRD
Excited quark b* — Wt lor2e,u1b,2jor1j Yes 4.7 left-handed coupling 1301.1583
Excited lepton (* — (y 2e,u, 1y - - 13.0 AN=22TeV 1308.1364
LSTC a1t —» Wy leu 1y - Yes 20.3 to be submitted to PLB
LRSM Majorana v 2e,u 2j - 2.1 m(Wg) = 2 TeV, no mixing 1203.5420
S Type lll Seesaw 2eu - - 5.8 |Ve|=0.055, | V,|=0.063, | V;|=0 ATLAS-CONF-2013-019
= Higgs triplet H** — (¢ 2 e,u(SS) - - 4.7 DY production, BR(H** — {()=1 1210.5070
S Multi-charged particles - - - 4.4 DY production, |q| = 4e 1301.5272
Magnetic monopoles - - - 2.0 DY production, Ig| = 1gp 1207.6411
1 1 1 L L1 l L L L 1

*Only a selection of the available mass limits on new states or phenomena is shown.

10 Mass scale [TeV]
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NO SIGN OF NEW PHYSICS (SO FAR)!

MADGRAPH SCHOOL ON COLLIDER PHENOMENOLOGY - SHANGHAI - NOV 2015



NEWS FROM THE LHC

NO SIGN OF NEW PHYSICS....EVERYTHING LOOKS CONSISTENT UP
TO VERY HIGH SCALE...EVEN THE FATE OF THE UNIVERSE.

[Degrassi, et al. “12]
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http://arxiv.org/abs/arXiv:1205.6497







WHY HAPPY?
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WHY HAPPY?

+OPTIMISM: NEW PHYSICS COULD BE HIDING THERE ALREADY, | MIGHT BE THE
ONE TO DIG IT OUT.
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WHY HAPPY?

+OPTIMISM: NEW PHYSICS COULD BE HIDING THERE ALREADY, | MIGHT BE THE
ONE TO DIG IT OUT.

+DEMOCRATIZATION: NO EVIDENCE OF MOST BEATEN BSM PROPOSALS, MEANS
MORE AND MORE ROOM FOR DIVERSIFICATION. POSSIBILITY FOR SMALL TEAMS
TO MAKE A BIG DISCOVERY.
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WHY HAPPY?

+OPTIMISM: NEW PHYSICS COULD BE HIDING THERE ALREADY, | MIGHT BE THE
ONE TO DIG IT OUT.

+DEMOCRATIZATION: NO EVIDENCE OF MOST BEATEN BSM PROPOSALS, MEANS
MORE AND MORE ROOM FOR DIVERSIFICATION. POSSIBILITY FOR SMALL TEAMS
TO MAKE A BIG DISCOVERY.

+INGENUITY/CREATIVITY: FROM NEW SIGNATURES TO SMART AND NEW
ANALYSIS TECHNIQUES (MVA), AND COMBINATION WITH NON-COLLIDER
SEARCHES (DM, FLAVOR...).
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WHY HAPPY?

+OPTIMISM: NEW PHYSICS COULD BE HIDING THERE ALREADY, | MIGHT BE THE
ONE TO DIG IT OUT.

+DEMOCRATIZATION: NO EVIDENCE OF MOST BEATEN BSM PROPOSALS, MEANS
MORE AND MORE ROOM FOR DIVERSIFICATION. POSSIBILITY FOR SMALL TEAMS
TO MAKE A BIG DISCOVERY.

+INGENUITY/CREATIVITY: FROM NEW SIGNATURES TO SMART AND NEW
ANALYSIS TECHNIQUES (MVA), AND COMBINATION WITH NON-COLLIDER
SEARCHES (DM, FLAVOR...).

+MASSIFICATION (THE PRACTICE OF MAKING LUXURY PRODUCTS AVAILABLE TO
THE MASS MARKET) : MC’s IN THE HANDS OF EVERY TH/EXP MIGHT TURN OUT TO
BE THE BEST OVERALL STRATEGY FOR DISCOVERING THE UNEXPECTED.
ACCURATE SIMULATIONS FOR BOTH SM AND BSM ARE A MUST.
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SEARCHING FOR NEW PHYSICS

STATEMENT #1

THE MOST PROMISING APPROACH TO LOOK FOR NP AT THE LHC Is
TO COVER THE WIDEST RANGE OF TH- AND/OR EXP-MOTIVATED SEARCHES.

Searches should aim at being sensitive to the

hishest-possible scales of energy
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SEARCHING FOR NEW PHYSICS

STATEMENT #2

THE HIGGS PROVIDES A PRIVILEGED SEARCHING GROUND

IT HAS JUST BEEN DISCOVERED. SOME OF ITS PROPERTIES ARE
EITHER JUST BEEN MEASURED OR COMPLETELY UNKNOWN.

A PLETHORA OF PRODUCTION AND DECAY MODES AVAILABLE.

FIRST “ELEMENTARY” SCALAR EVER : CARRIER OF A NEW YUKAWA
FORCE, WHOSE EFFECTS STILL NEED TO BE MEASURED.

(PT .®) DIM=2 SINGLET OBJECT = HIGGS PORTAL TO A NEW
SECTOR.

SEVERAL MOTIVATIONS TO HAVE A REACHER SCALAR SECTOR WITH
MORE DOUBLETS OR HIGHER REPRESENTATIONS = HIGGS= MIGHT
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SEARCHING FOR NEW PHYSICS

QUANTUM CORRECTIONS AFFECT THE STABILITY OF THE HIGGS MASS. CONSIDER THE
SM AS AN EFFECTIVE FIELD THEORY VALID UP TO SCALE A:

- > —_ - - - >— - H =>-
3 1 1
i = M S T T S

PUTTING NUMBERS, ONE GETS:

A 2
(125GeV)? = miy + [—(2TeV)? + (700 GeV)?* + (500 GeV)?] (1 OTeV)
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SEARCHING FOR NEW PHYSICS

tree loops

MH? ~ (125 GEV)? -

top W/ Higgs

(125 GeV)* = mjyg + [~(2TeV)” + (700 GeV)” + (500 GeV)’] ( . )2

10TeV
DEFINITION OF NATURALNESS: LESS THAN 90% CANCELLATION:
3y2 ~ 7;32 92 A(I) 9 M2
Ar < 3TeV PxI= omly = gy Ty B= 0my N e My
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SEARCH FOR NEW PHYSICS AT THE LHC

Model-dependent Model-independent

SUSY, 2HDM, ED.... simplified models, EFT, ...

Search for new

Search for new states | .
INteractions

specific models, simplified models anomalous couplings, EFT...

Exotic signatures Standard signatures

precision measurements rare processes
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SEARCH FOR NEW PHYSICS AT THE LHC

Search for new

Search for new states | .
INteractions

SUSY EXOTICS, BSM HIGGS SM
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®Michelange|oLMangano

SEARCH FOR NEW STATES AT THE LHC
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®Michelange|oLMangano

SEARCH FOR NEW STATES AT THE LHC
peak
pp—H—4

CMS Preliminary fs=7TeV,L=51fb";{s=8TeV,L=19.6fb"
35 L T T T T T T T T T T T T T T T

I T I It I 1]
* Data -
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8 r .
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T |
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! leasy! )

Background directly measured
from data. TH needed only for
parameter extraction
(Normalization, acceptance,...)
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SEARCH FOR NEW STATES AT THE LHC

peak
pp—H—4

CMS Preliminary fs=7TeV,L=51fb";{s=8TeV,L=19.6fb"
> 35 L T I T T T I T T T I T T T I T T T I T T T L
8 N * Data .
o 30F [ z+x =
~ L . _
£ r [Nzv'zz
GC) 25F 126 G V_'
> L m = eV
I - D H ]
20 —
15 N
10
5 i_

T |
80 100 120 140 160 180
m, [GeV]

! ‘easy! )

Background directly measured
from data. TH needed only for
parameter extraction
(Normalization, acceptance,...)

shape

N N N N N N
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1“’ .......... - 4 £ g o .

. Ba _______
g%/ =S

o

i A///ﬁ%w

10 /] A A,
] 500 1000 1500 2000 2500 3000 3500 4000

hard

N
T

Background shapes needed.

Flexible MC for both signal and

background tuned and
validated with data.
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30

Events / 3 GeV

20

Background directly measured
from data. TH needed only for
parameter extraction
(Normalization, acceptance,...)

®Michelange|oLMangano

SEARCH FOR NEW STATES AT THE LHC

peak
pp—H—4

Preliminary Ys=7TeV,L=51fb";{s=8TeV,L=1961b"
T T T T T T T T T T T T T

35

25
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* Data i
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- Ozvizz -
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T |
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! ‘easy! )
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Background shapes needed.

Flexible MC for both signal and

background tuned and
validated with data.

discriminant

op— H—=WHW-
0! : T T | UL I L I T T T I T T T I T T T l T T T I T 7T T I T 1 T I T T T
S350 ATLAS Preliminary « pata  7ZSM(sta
2 - mww O WwWzZzZzwy ]
o C 1s=7TeV, | Ldt=4.71b" i I SingleTop
U>J 300 - ) B Z+jets Wijets ]
F HoWwW S evev +0 jet H[125GeV]
250 =

) jg
-1 -0.8 -06 -04 -02 0 0.2 04 06 038
BDT Output

0

very hard

Background normalization and
shapes known very well.
Interplay with the best
theoretical predictions (via MC)
and data.
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SEARCH FOR NEW INTERACTIONS AT THE LHC

TWO MAIN STRATEGIES FOR SEARCHING NEW PHYSICS

Search for new
iNnteractions

Search for new states

£(6) _ £(4) Z

THE BSM AMBITIONS OF THE SM PROGRAMME CAN BE RECAST IN
A POWERFUL WAY IN TERMS OF ONE SIMPLE STATEMENT:

BSM GOAL OF THE SM LHC PROGRAM:

DETERMINATION OF THE COUPLINGS OF THE SM LAGRANGIAN AT DIM=6
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#central jets with|n; o] < 0.7)

02.5

~ Hforward jets with 0.7 < m1 2] < 1.4)

fL dt=4.5fb"

: anti-k, jets, =0.6
Wyt <05,m,>1.31TeV

— Mean

-:10

- ATLAS

1.0[" « pata

2.0 _[m=3.1 pb \J5=7 TeV
[ — QCD Prediction
1 5  Theoretical Uncertainties
| mem Total Systematics
[ A=20TeV
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0.0"~%00 6
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RAPIDITY AND PSEUDORAPIDITY

_|_
) = llog b +ps _ llogp_ RAPIDITY
2 k — Pz 2 D

N = — log(tan(é’/Q)) PSEUDORAPIDITY
with
tan f = br

Dz

1. RAPIDITY TRANSFORMS ADDITIVELY UNDER A LORENTZ BOOST : Y—>Y’=Y+Q
2. RAPIDITY DIFFERENCES ARE LORENTZ INVARIANTS : AY—AY’
3. PSEUDO RAPIDITY HAS A DIRECT EXPERIMENTAL DEFINITION BUT NO SPECIA

PROPERTIES UNDER THE LORENTZ BOOSTS.
4. FOR MASSLESS PARTICLES RAPIDITY AND PSEUDO RAPIDITY ARE THE SAME.
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SEARCH FOR NEW PHYSICS : SUMMARY
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SEARCH FOR NEW PHYSICS : SUMMARY

+ IN THE SEARCH AND CHARACTERISATION OF NEW PHYSICS,
ACCURATE AND EXPERIMENTAL FRIENDLY PREDICTIONS FOR
COLLIDER PHYSICS RANGE FROM BEING VERY USEFUL TO STRICTLY
NECESSARY.
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SEARCH FOR NEW PHYSICS : SUMMARY

+ IN THE SEARCH AND CHARACTERISATION OF NEW PHYSICS,
ACCURATE AND EXPERIMENTAL FRIENDLY PREDICTIONS FOR

COLLIDER PHYSICS RANGE FROM BEING VERY USEFUL TO STRICTLY
NECESSARY.

+ CONFIDENCE ON POSSIBLE EXCESSES, EVIDENCES AND EVENTUALLY
DISCOVERIES BUILDS UPON AN INTENSE (AND OFTEN NON-LINEAR)
PROCESS OF DESCRIPTION/PREDICTION OF DATA VIA MC’s.
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SEARCH FOR NEW PHYSICS : SUMMARY

+ IN THE SEARCH AND CHARACTERISATION OF NEW PHYSICS,
ACCURATE AND EXPERIMENTAL FRIENDLY PREDICTIONS FOR

COLLIDER PHYSICS RANGE FROM BEING VERY USEFUL TO STRICTLY
NECESSARY.

+ CONFIDENCE ON POSSIBLE EXCESSES, EVIDENCES AND EVENTUALLY
DISCOVERIES BUILDS UPON AN INTENSE (AND OFTEN NON-LINEAR)
PROCESS OF DESCRIPTION/PREDICTION OF DATA VIA MC’s.

+ BOTH MEASUREMENTS AND EXCLUSIONS RELY ON ACCURATE
PREDICTIONS.
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NEW GENERATION (LHC) OF MC TOOLS

Lagrangian
Gauge invariance
QCD

Partons

NLO
Resummation

Detector simulation
Pions, Kaons, ...
Reconstruction
B-tagging efficiency
Boosted decision tree
Neural network

Experiment
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NEW GENERATION (LHC) oF MC TOOLS

Lagrangian
Gauge invariance
QCD

Partons

NLO

Resummation

Detector simulation
Pions, Kaons, ...
Reconstruction
B-tagging efficiency
Boosted decision tree
Neural network

4 )
Experiment
-~ @@
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NEW GENERATION (LHC) oF MC TOOLS
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+

AIMS OF THE WEEK

MASTER THE BASIC CONCEPTS OF THE PHYSICS OF THE LHC

LEARN ABOUT THE LATEST TECHNIQUES THAT ALLOW TO MAKE
ACCURATE AND PREDICTIONS FOR EVENTS AT THE LHC IN THE SM

AND BEYOND.

INSTALL THE FULL CHAIN OF TOOLS ON YOUR LAPTOP.

APPLY AND USE THE TOOLS TO MAKE YOUR OWN LHC SEARCH,
SIMULATING SIGNAL AND BACKGROUND.

MADGRAPH SCHOOL ON COLLIDER PHENOMENOLOGY - SHANGHAI - NOV 2015



AIMS OF THE WEEK
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AIMS OF THE WEEK

THINK
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AIMS OF THE WEEK

THINK PARTICIPATE
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AIMS OF THE WEEK

THINK PARTICIPATE WORK
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AIMS OF THE WEEK

THINK PARTICIPATE WORK

+ THE MORNING LECTURES FOR REVIEWING OR INTRODUCING NEW CONCEPTS

+ THE AFTERNOONS, THE MOST IMPORTANT PART OF THE SCHOOL, WILL BE
DEVOTED TO THE TUTORIALS
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MASTER FORMULA FOR THE LHC
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MASTER FORMULA FOR THE LHC

AN o

331E QCQE
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MASTER FORMULA FOR THE LHC

AN

11BN 2o
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MASTER FORMULA FOR THE LHC

¢t
$1E CEQE
L < > UWE
D P
1 2 2
ox = Z/ dr1dzy folz1, p3) fo(xe, i) x Gab—x (71,72, s (uFh), Q2 : Qg )
— Jo Hrp MR
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MASTER FORMULA FOR THE LHC

L < > UWE

long distance:

Q* Q7

TS

)

1
ox = Z/ dxlde fa(xlau%)fb(x%:u%’) X &ab—>X(x17$27(xS(M%{)a
ab 0
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MASTER FORMULA FOR THE LHC

: > ILLF

HE <

long distance :

do :Z /dmldxqu)Fs fa(zi, pr) fo(z2, i) Gap—x (5, bF, LR)

a,b Phase-space Parton density Parton-level cross
integral functions section
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PP KINEMATICS

We describe the collision in terms of parton
energies

> ¢

Ei= x; Ebeam
Fo= x» Ebeam

ﬁ*
® ®

Obviously the partonic c.m.s. frame will be in
general boosted. Let us say that the two partons
annihilate into a particle of mass M.

2 2
M* = 21295 = x1224E5 11

11 1
= — 109 —
Y 2 5 L9
M M
r1 = —eY 19 = —e Y

V'S V'S

10" g

10°

X, , = (M/14 TeV) exp(+y)
Q=M

M= 100 GeV

M=10TeV
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MASTER FORMULA FOR THE LHC

do = Z/dxlded(I)FS fa,(xla,uF)fb(x% ,UF) &ab—>X(§7,uFaluR)
a,b

Phase-space Parton density Parton-level cross
integral functions section

+ HOw DO | JUSTIFY THE USE OF SUCH A SIMPLE FORMULA FOR SOMETHING SO
COMPLICATED AS A PP COLLISION.

+ HOW IS THAT POSSIBLE THAT | CAN WRITE CROSS SECTIONS IN TERMS OF THE
PRODUCT OF A SHORT-DISTANCE COEFFICIENT TIMES A LONG DISTANCE?

+ THE PDF’S CANNOT BE COMPUTED. WHY? SO WHAT DO WE DO? DO THEY DEPEND
ON THE SCALE?

+ THE PARTON LEVEL CROSS SECTIONS CAN BE COMPUTED IN PERTURBATION
THEORY (PT)? WHY? IS THE MASTER FORMULA VALID AT ANY ORDER IN PT?
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STRONG INTERACTIONS

STRONG INTERACTIONS ARE CHARACTERIZED AT MODERATE

ENERGIES BY A SINGLE® DIMENSIONFUL SCALE, As , OF FEW
HUNDREDS OF MEV:

Oh = |/A? = 10mb
rhE/\s
R=[/As= | fm

NO HINT TO THE PRESENCE OF A SMALL PARAMETER! VERY HARD TO
UNDERSTAND AND MANY ATTEMPTS...
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SCALING
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SCALING

s=(P+k)® cmsenergy’
Q? = —(k —K)* momentum transfer?
v =Q?/2(P-q) scaling variable
v=(P-q)/M =FE —E" energy loss
y=(P-q)/(P-k)=1—FE'/E rel.energy loss

1 —
W2=(P+q)?=M+—"

Q?  recoil mass
x
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SCALING

s=(P+k)® cmsenergy’
Q? = —(k —K)* momentum transfer?
v =Q?/2(P-q) scaling variable
v=(P-q)/M =FE —E" energy loss
y=(P-q)/(P-k)=1—FE'/E rel.energy loss

1 —
W2=(P+q)?=M+—"

Q?  recoil mass

X

dOelastic ( do ) 2 2
—\ 59 'Felas ic(q )5(1_:6) dx
dq2 dq2 point t

MADGRAPH SCHOOL ON COLLIDER PHENOMENOLOGY - SHANGHAI - NOV 2015



SCALING

s=(P+k)?
Q? = —(k —K')?
r=Q%/2(P-q)

v=(P-q)/M=E—F
y=(P-q)/(P-k)=1-FE'/E

1—:13@2

WZ:(P+Q)2:M2+

X

do_elastic ( do ) 5 )
—\ g2 'Fela,s ic(q )5(1—513)da:
dq2 dq2 point ‘

dginl ti do 5 )
dqus - = (d—q2> . Finelastic(q 7'73) dx

cms energy?
momentum transfer?
scaling variable
energy loss

rel. energy loss

recoll mass
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SCALING

s=(P+k)?
Q2 _ —(k' o k',)Q
v = Q2P g)

v=(P-q)/M=E—F
y=(P-q)/(P-k)=1-F/E

1—:BQ2

W2 =(P+q)°=M"+

dOelastic _ (d_()')
dq2 dq2 point

dCinelastic _ (d_0>
dq2 dq2 point

What should we expect for F(g?x)?

X

' FeZIastic(QQ) 5(1 _ SIZ‘) dx

' Fi?lelastic(q27 'CE) dx

cms energy?
momentum transfer?
scaling variable
energy |oss

rel. energy loss

recoll mass
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SCALING
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SCALING

Two plausible and one crazy scenarios for the |g?| =0 (Bjorken) limit:
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SCALING

Two plausible and one crazy scenarios for the |g?| =0 (Bjorken) limit:

|.Smooth electric charge distribution: (classical picture)

MADGRAPH SCHOOL ON COLLIDER PHENOMENOLOGY - SHANGHAI - NOV 2015



SCALING

Two plausible and one crazy scenarios for the |g?| =0 (Bjorken) limit:

|.Smooth electric charge distribution: (classical picture)

erlastic(qz) ~ F2ine|astic(q2) <<
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SCALING

Two plausible and one crazy scenarios for the |g?| =0 (Bjorken) limit:

|.Smooth electric charge distribution: (classical picture)

erlastic(qz) ~ F2ine|astic(q2) <<

.e., external probe penetrates the proton as knife through the butter!
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|.Smooth electric charge distribution: (classical picture)

erlastic(qz) ~ F2ine|astic(q2) <<

.e., external probe penetrates the proton as knife through the butter!

2. Tightly bound point charges inside the proton: (bound quarks)
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Two plausible and one crazy scenarios for the |g?| =0 (Bjorken) limit:

|.Smooth electric charge distribution: (classical picture)

erlastic(qz) ~ F2ine|astic(q2) <<

.e., external probe penetrates the proton as knife through the butter!

2. Tightly bound point charges inside the proton: (bound quarks)

Felastic(q%) ~| and Flinelastic(q?) <<l
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SCALING

Two plausible and one crazy scenarios for the |g?| =0 (Bjorken) limit:

|.Smooth electric charge distribution: (classical picture)

erlastic(qz) ~ F2ine|astic(q2) <<

.e., external probe penetrates the proton as knife through the butter!

2. Tightly bound point charges inside the proton: (bound quarks)

Felastic(q%) ~| and Flinelastic(q?) <<l

.e., quarks get hit as single particles, but momentum is immediately redistributed as they are
tightly bound together (confinement) and cannot fly away.

MADGRAPH SCHOOL ON COLLIDER PHENOMENOLOGY - SHANGHAI - NOV 2015



SCALING

Two plausible and one crazy scenarios for the |g?| =0 (Bjorken) limit:
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SCALING

Two plausible and one crazy scenarios for the |g?| =0 (Bjorken) limit:

|.Smooth electric charge distribution: (classical picture)

erlastic(qz) ~ F2ine|astic(q2) <<

.e., external probe penetrates the proton as knife through the butter!

2. Tightly bound point charges inside the proton: (bound quarks)

Felastic(q%) ~| and Flinelastic(q?) <<l

.e., quarks get hit as single particles, but momentum is immediately redistributed as they are
tightly bound together (confinement) and cannot fly away.

3. And now the crazy one: (free quarks)
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SCALING

Two plausible and one crazy scenarios for the |g?| =0 (Bjorken) limit:

|.Smooth electric charge distribution: (classical picture)

erlastic(qz) ~ F2ine|astic(q2) <<

.e., external probe penetrates the proton as knife through the butter!

2. Tightly bound point charges inside the proton: (bound quarks)

Felastic(q%) ~| and Flinelastic(q?) <<l

.e., quarks get hit as single particles, but momentum is immediately redistributed as they are
tightly bound together (confinement) and cannot fly away.

3. And now the crazy one: (free quarks)

erlastic(qz) <<I and innelastic(qz) ~ |
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SCALING

Two plausible and one crazy scenarios for the |g?| =0 (Bjorken) limit:

|.Smooth electric charge distribution: (classical picture)

erlastic(qz) ~ innelastic(qz) <<

.e., external probe penetrates the proton as knife through the butter!

2. Tightly bound point charges inside the proton: (bound quarks)

erlastic(qz) ~1 and innelastic(qz) <<|

.e., quarks get hit as single particles, but momentum is immediately redistributed as they are
tightly bound together (confinement) and cannot fly away.

3. And now the crazy one: (free quarks)

erlastic(qz) <<| and innelastic(qz) ~ |

.e., there are points (quarks!) inside the protons, however the hit quark behaves as a free
particle that flies away without feeling or caring about confinement!!!
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SCALING

g-10° .

_'\ C— W=2 Ge )

A W-3cev d? o ERP 1
¢ ——W=3.5 GeV ~N) —

0™

dxdy ()?

T ||-||||[|
-
=
1
L 1l

Remarkablelll Pure dimensional analysis!

olo
o,
[ 4%
T
,d_,.p"'

The right hand side does not depend on As!

~
P11 1wl

\ This is the same behaviour one may find in a
\. renormalizable theory like in QED.
“:'-35' \'E\L\‘E’JETEHIHG E Other stunning example is again e"e” = hadrons.
AN :
_ SO This motivated the search for a
ol o > weakly-coupled theory at high energy!
0 | 2 3 4 5 6 7
|:|é {Gch}E
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DEEP-INELASTIC SCATTERING:
TOWARDS THE PARTON MODEL

e (k’)

d?o Ta? —
ddeQ — 4Q(jf {[1 + (1 o y)Z]Fl(aja Qz) T 1£E—y [FQ(wv QZ) o 2£8}7’1(337 QQ)]}
Comments:

* Different y dependence can differentiate between F| and
* The first term represents the absorption of a transversely polarized photon,
the second of a longitudinal one.
* Bjorken scaling = F| and [, obey scaling themselves, I.e. they do not depend on Q.
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DEEP-INELASTIC SCATTERING:
TOWARDS THE PARTON MODEL
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DEEP-INELASTIC SCATTERING:
TOWARDS THE PARTON MODEL

The space-time picture suggests the possibility of separating short- and long-distance physics =

factorization! Turned into the language of Feynman diagrams DIS looks like:

d*c [ dE d*6 x
i | £ 2O g e @
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DEEP-INELASTIC SCATTERING:
TOWARDS THE PARTON MODEL

The space-time picture suggests the possibility of separating short- and long-distance physics =

factorization! Turned into the language of Feynman diagrams DIS looks like:

d*c [ dE d*6 x
i | £ 2O g e @

where

is the probability to find a

, parton with flavor i in an
f?'fh(g) hadron h carrying a light-

cone momentum &p+

d°6 |
s the cross section for
dZCdQQ electron-parton scattering
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DEEP-INELASTIC SCATTERING:
TOWARDS THE PARTON MODEL

The space-time picture suggests the possibility of separating short- and long-distance physics =

factorization! Turned into the language of Feynman diagrams DIS looks like:

d*c [ dE d*6 x
i | £ 2O g e @

where

is the probability to find a

, parton with flavor i in an
f?'fh(g) hadron h carrying a light-

cone momentum &p+

Ep d*6
L s the cross section for
dZCdQQ electron-parton scattering
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DEEP-INELASTIC SCATTERING:
TOWARDS THE PARTON MODEL

The space-time picture suggests the possibility of separating short- and long-distance physics =

factorization! Turned into the language of Feynman diagrams DIS looks like:

d*c [ dE d*6 x
i | £ 2O g e @

where

is the probability to find a

, parton with flavor i in an

fifh(g) hadron h carrying a light-
cone momentum &p+

.............................................. d25'

dax dQQ electron-parton scattering

distance
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DEEP-INELASTIC SCATTERING:
TOWARDS THE PARTON MODEL

The space-time picture suggests the possibility of separating short- and long-distance physics =

factorization! Turned into the language of Feynman diagrams DIS looks like:

d*c [ dE d*6 x
i | £ 2O g e @

where

is the probability to find a

, parton with flavor i in an
B C funl§) pron v teer in
: : cone momentum &p+

; ---------------------------------------------- : : 2/\
: P short d|stance d<o . .
. - ............................... 1S ‘the Cross section for

dax dQQ electron-parton scattering

distance
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DEEP-INELASTIC SCATTERING:
TOWARDS THE PARTON MODEL

We can now compare with our “inclusive” description of DIS in terms of structure
functions (which, BTWV, are physical measurable quantities),

2 5 T2 —
di@ _ 4@3 {[1 F(1 -9 R Q) + Y [P, Q) - 2xF1<x,@2>}}

with our parton model formulas:

d§ | d?& A’ 1
dCUdQQ / Zf’b ddQ2 é_,Q) — _[1

with dQ2dxr ~ Q4 +(1- y)z} 6621 o(x — &)

we find (be careful to distinguish x and €)

Fy(x) = 2zF) = Z/ dé fi (& :Ue (x—f)—Zegaﬁfi(x)

1=q,q 1=4q,q
* So we find the scaling is true: no dependence on Q2

g and gbar enter together : no way to distinguish them with NC. Charged currents are needed.
*F(Xx) = FAx) - 2 Fi(x) vanishes at LO (Callan-Gross relation), which is a test that quarks are spin
|/2 particles! In fact if the quarks where scalars we would have had Fi(x) = 0 and Fo=F .
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DEEP-INELASTIC SCATTERING:
TOWARDS THE PARTON MODEL

Probed at scale Q, sea contains all quarks flavours with mq less than Q.
For Q ~| we expect

£
=
|
=
<
)
_I_
=
)

) = dy(z)+d(z) fudifﬂv(ﬂ:):% fudmdv(m):

A

ORC
|

~

5

And experimentally one finds

Z /ﬂ dr z[q(x) + g(z)] ~ 0.5 .

Thus quarks carry only about 50% of proton’s momentum. The rest is carried by gluons.
Although not directly measured in DIS, gluons participate in other hard scattering
processes such as large-pt and prompt photon production.
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QUARK AND GLUON DISTRIBUTION FUNCTIONS

Comments:

Q2 = 10 GeV?3

The sea is NOT SU(3) flavor symmetric.
The gluon is huge at small x

There I1s an asymmetry between the ubar
and dbar quarks in the sea.

Note that there are uncertainty bands!!

o | llllllll | llllllll |

1072 107 1

MADGRAPH SCHOOL ON COLLIDER PHEN9MENOLOGY - SHANGHAI - NOV 2015



SCALING VIOLATIONS

first ep collider

T RREE
B S LI-EEIFT__._, AT

At HERA scaling violations were observed!
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EVOLUTION ;@%%

Q%2=10 Gev2_3

-MSTW2008

102 10" 1
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 MSTW2008

EVOLUTION

Q2=10 Gev2_3

o | ]| Illllll

1072 10~ 1

0.8

0.6

0.4

(ule)
increase o % increase e)@ (0}
Q2 - Q? o
g o®

- MSTW2008

Q2 = 10% GeV?Z-

1072
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PDFs

NON-PERTURBATIVE INFORMATION THAT IS FITTED FROM A WEALTH OF
EXPERIMENTAL DATA

+ THE PDF IS PARAMETRISED AT A GIVEN LOW SCALE IN TERMS OF AN ANALYTIC OR
NN FUNCTION AND MOMENTUM SUM RULES ARE IMPOSED.

+ THEY ARE EVOLVED THROUGH THE DGLAP EQUATIONS:

2
@ @) - [ L b as(@), a2, @)
Pufas.2) = 22PD () + (32) PD(2) + (22) PD(2) + ...

f f f

LO (1974) NLO (1980) NNLO (2004)
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PDFs

GLOBAL FITS: RECENT PROGRESS IN METHODOLOGY AND DATA SETS:

- NNPDF3.0 1410.8849

- MMHTCT14 1412.3989

« CT14 1506.07443

StefanoForte®

NNPDF3.0 MMHTI14 CT14
NO. OF FITTED PDFS 7 7 6
PARAMETRIZATION NEURAL NETS | z%(1 — :c)b x CHEBYSCHEV | z%(1 — a:)b X BERNSTEIN
FREE PARAMETERS 259 37 30-35
UNCERTAINTIES REPLICAS HESSIAN HESSIAN
TOLERANCE NONE DYNAMICAL DYNAMICAL
CLOSURE TEST v X X
REWEIGHTING REPLICAS EIGENVECTORS EIGENVECTORS

Other non-global sets: HeraPDF, ABM14, GJR
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2012 2015

LHC 8 TeV - Ratio to NNPDF2.3 NNLO - o,=0.118 Quark-Quark, luminosity
1.3 v ' '|""| LI LI "'llll 1.3 1 IIIIIII 1 1 IIIIIII 1 1 1
1 o5E_| 5 NNPDF2.3 NNLO PO 0NNk
£ s CTIONNLO %+ ct14nnlo
2 ; 1'5 Y22 MSTW2008 NNLO |'S =8.00e+03 GeV
el
3 /]
x /
3‘1 05 fﬂ(&%?fm;}M{W/‘M/ N T T
g -
< 0.95
S o
&)
0.85
08 e : 08
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LHC 8 TeV - Ratio to NNPDF2.3 NNLO - o, =0.118 Gluon-Gluon, luminosity

- - 1
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ASYMPTOTIC FREEDOM
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ASYMPTOTIC FREEDOM

Among QFT theories in 4 dimension only the non-Abelian gauge theories are “asymptotically free’.
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ASYMPTOTIC FREEDOM

Among QFT theories in 4 dimension only the non-Abelian gauge theories are “asymptotically free’.

[t becomes then natural to promote the global color SU(3) symmetry into a local symmetry where
color is a charge.
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ASYMPTOTIC FREEDOM

Among QFT theories in 4 dimension only the non-Abelian gauge theories are “asymptotically free’.

[t becomes then natural to promote the global color SU(3) symmetry into a local symmetry where
color is a charge.

Perturbative region
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ASYMPTOTIC FREEDOM

Among QFT theories in 4 dimension only the non-Abelian gauge theories are “asymptotically free’.

[t becomes then natural to promote the global color SU(3) symmetry into a local symmetry where
color is a charge.

Perturbative region

QZ

In renormalizable QFT’s scale invariance is broken by the renormalization procedure and couplings
depend logarithmically on scales.
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THE QCD LAGRANGIAN

1

L=~ Fo F 4+ 3000 mp)w” 07 (gst Ao
f
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THE QCD LAGRANGIAN

f 1 a ,: - . N a
L= _ZF,W/F# T Z wff) (Za o mf)%(f) o %(f) (gstijAa)¢§f)
f

Gauge
Fields
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THE QCD LAGRANGIAN

4 )

(" )
| ~(f) . "
L == FaEe |+ D 00 = mp)ui”| - 07 (9.t Aa)vy”
f

Gauge
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THE QCD LAGRANGIAN

4 )

(" )
1 a U N : n a
L= = Fa 4 D0 i — mp)ui”| i (gat A"
f

4

Gauge .
, S Matter Interaction
Fields
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THE QCD LAGRANGIAN

4 ) 4 ) 4 )

1 a U N a
L= = Fa 4 D20 i = mp)ui | ot (gats Ay
Gauge !
. Matter Interaction
Fields

[t %] = i fabete — Algebra of SU(N)

tr(t?t?) = —5“b — Normalization
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THE QCD LAGRANGIAN

4 ) 4 ) 4 )

1 a U N a
L= = Fa 4 D20 i = mp)ui | ot (gats Ay
Gauge !
. Matter Interaction
Fields

[t %] = i fabete — Algebra of SU(N)

tr(t?t?) = —5“b — Normalization

F, = 0,A0 — 0, A% —g "¢ A} A
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How MANY COLORS?

| T T 1 | ‘~ | I | I |T I I I | | 1 I| j
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1 10 10
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How MANY COLORS?

| | 11 | | I | I |T I I I | | 11 | j
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Ia | | | | ] | | | | | | | | | | | | | | 2

Y 1 10 10
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10°

102

10

FEXP =7.7+£06 eV

MANY COLORS?

Z

QR

10 10°
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How MANY COLORS?

P
T "}3;_ T/v | p(28) , _
SSSJ - 11 :
0% |
. \
0 - — 10 = s
- .
0 L ] o ]
Y 1 10 10°
V'8 [GeV]
5 o b2 M2 o(eTe” — hadrons) ,
M~ N2[Q2— @2 Br R=" " ————— 2 ~N.> ¢
IE oete” — ptu~) "

FEXP =7.7+£06 eV
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How MANY COLORS?

= L I I LI I T I I I L —:
; o] :
10°| v $(29) zf .

-'l_-!"“
L] |||||| | | | | | | |

10 2
1 10 10

V3 [CeV]

3 o(ete” — hadrons
Mo N2 Q2 - Q32 o ) NS

IE oete” — ptu~) "
N\ ?
Trp = (g) r.6eV =2(N./3) q=u,d,s

FEXP =7.7+£06 eV
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How MANY COLORS?
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N 2
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How MANY COLORS?
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THE FEYNMAN RULES OF QCD

Ao P E,ﬁ s | A 1
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THE COLOR ALGEBRA

Tr(t*) =0 ’E‘G‘O‘O =0

Tr(t*t®) = Tro* . ’G‘G‘O‘OW , = TR * oooo00:

(t%t")i; = Croi; m =G ————
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THE COLOR ALGEBRA

1 1 ! : | I
tiilh = 5(@'151@' — E&;j%l) g = 1/2 *) C-”NC |
< k -

MADGRAPH SCHOOL ON COLLIDER PHENOQMENOLOGY - SHANGHAI - NOV 2015



THE COLOR ALGEBRA

1 1 ! : | g
tijthe = 5(5z‘z5kj - E5ij5kl) g = 1/2 *) <-|/NC
< k -«

Problem: Show that the one-gluon exchange between quark-antiquark pair can be attractive or
repulsive. Calculate the relative strength.
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THE COLOR ALGEBRA

1 1 ! : | g
tijthe = 5(5iz5kj - E5ij5kl) g = 1/2 *) <-|/NC
< k -«

Problem: Show that the one-gluon exchange between quark-antiquark pair can be attractive or
repulsive. Calculate the relative strength.

Solution:a g gb pair can be in a singlet state (photon) or in octet (gluon) : 3 ® 3= @8

1 1

1 1
>\N\, 5(5%513' — E(Sij(slk)(skz’ = §5lj(Nc — ﬁc) = Cray;

MADGRAPH SCHOOL ON COLLIDER PHENOQMENOLOGY - SHANGHAI - NOV 2015



THE COLOR ALGEBRA

1 1 ! : | g
tijthe = 5(5iz5kj - E5ij5kl) g = 1/2 *) <-|/NC
< k -«

Problem: Show that the one-gluon exchange between quark-antiquark pair can be attractive or
repulsive. Calculate the relative strength.

Solution:a g gb pair can be in a singlet state (photon) or in octet (gluon) : 3 ® 3= @8

1 1

1 1
>\N\, 5(5%513' — E(Sij(slk)(skz’ = §5lj(Nc — ﬁc) = Cray;

>(), attractive

<0, repulsive
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o
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E A
= . g 13 <11 <1
Ps 93593, i JBiH2ps 53 51 502
5 T, e A 0%

ja
fig s iz fig

This formulation leads to a graphical representation of the simplifications occuring in the large Nc
imit, even though it Is exactly equivalent to the usual one.
_+_

BOOOOO =12

In the large Nc limit, a gluon behaves as a quark-antiquark pair. In addition it behaves classically, in
the sense that quantum interference, which are effects of order |/Nc? are neglected. Many QCD
algorithms and codes (such a the parton showers) are based on this picture.
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REN. GROUP AND ASYMPTOTIC FREEDOM

Let us consider the process:

eet = hadrons and for a Q% >> As,

At this pont (though we willl) we don't have
an idea how to calculate the detalls of such a
process.

So let's take the most inclusive approach
ever: we Just want to count how many
events with hadrons in the final state there
are wrt to a pair of muons.
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REN. GROUP AND ASYMPTOTIC FREEDOM

Let us consider the process:

eet = hadrons and for a Q% >> As,

At this pont (though we willl) we don't have
an idea how to calculate the details of such a e
process.

So let's take the most inclusive approach

ever: we Just want to count how many

events with hadrons in the final state there +
are wrt to a pair of muons.

Zeroth Level: e+ e- = qq

o(etTe™ — hadrons)

Ry = :NCZQ?”
f

o(ete” — putp~)

Very simple exercise. The calculation is
exactly the same as for the g+H-.
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REN. GROUP AND ASYMPTOTIC FREEDOM

Let us consider the process:

e'e”™ = hadrons and for a Q%2 >> A..

At this pont (though we willl) we don't have
an idea how to calculate the detalls of such a e
process.

So let's take the most inclusive approach

ever: we Just want to count how many

events with hadrons in the final state there +
are wrt to a pair of muons.

First improvement: e+ e- = qq at NLO
Already a much more difficult calculation!
There are real and wirtual contributions.
There are:

* UV divergences coming from loops

* IR divergences coming from loops and real
diagrams. Ignore the IR for the moment (they
cancel anyway) We need some kind of trick v
to regulate the divergences. Like dimensional Rl _ RO (1 | S )
regularization or a cutoff M. At the end the T

result i1sVERY SIMPLE:
No renormalization is needed! Electric charge is left untouched by strong interactions!
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REN. GROUP AND ASYMPTOTIC FREEDOM

Let us consider the process:

e'e”™ = hadrons and for a Q%2 >> A..

At this pont (though we willl) we don't have
an idea how to calculate the detalls of such a e
process.

So let's take the most inclusive approach

ever: we Just want to count how many

events with hadrons in the final state there +
are wrt to a pair of muons.

Second improvement: e+ e- = qq at NNLO
Extremely difficult calculation!
Something new happens:

M? 2
R22R0(1+%—|—[c—|—7rbolog 2](045) >
T Q T

The result 1s explicitly dependent on the
arbitrary cutoff scale. We need to perform
normalization of the coupling and since QCD
Is renormalizable we are guaranteed that this M? 9
fixes all the UV problems at this order.

MADGRAPH SCHOOL ON COLLIDER PHENOMENOLOGY - SHANGHAI - NOV 2015



REN. GROUP AND ASYMPTOTIC FREEDOM

2 5 9 - 2
| ren H _ | Oés(u) | H Oés(,u)
(1) R2 (Ozs(/j),@) —R() 1 | - | _C‘|‘7Tb()10g @- ( -
M? 1IN, — 2n
2) as(p) = ag + by log Wa?g by = o U
Comments:

I. Now Ry is finite but depends on an arbitrary scale W, directly and through o We had to
introduce M because of the presence of M.

2. Renormalizability guarantees than any physical quantity can be made finite with the SAME
substitution. If a quantity at LO is AxsN then the UV divergence will be N A b log M2 axgN*!,

3. R is a physical quantity and therefore cannot depend on the arbitrary scale pll One can show
that at order by order:

2 d ren ren ,LL2 ren
pe— R =0 = R (as(p), @) = R™(as(Q), 1)

s ..are resummed!

0
O
(_|_
o
(D
o]

which is obviously verified by Eq. (). Choosing
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REN. GROUP AND ASYMPTOTIC FREEDOM

2
2 as(u) = as + b log %a% by — HNi%an .
4. From (2) one finds that:
ﬁ(Ck - 2%_—19 2 — Oés(,u): : 2
s) =1 N — —0pQg bo log %

This gives the running of &s. Since bo > 0, this expression make sense for all scale P>A.
In general one has:

das (1)
dlog 1?

= —boag(p) — brag(p) — baag(p) + ...

where all b are finite (renormalization!). At present we know the b up to b3z (4 loop calculationl!).
bjand b are renormalization scheme independent. Note that the expression for Os( M) changes
accordingly to the loop order. At two loops we have:

B 1 _1 b1 log log 112 /A*"
bo log by logu?/A?

s (j4)
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WHY IS THE BETA FUNCTION NEGATIVE IN
QCD?

(2) (b)

Roughly speaking, quark loop diagram (a) contributes a negative Nf term in bo, while the gluon
loop, diagram (b) gives a positive contribution proportional to the number of colors N, which
is dominant and make the overall beta function negative.

11N, — 2n;

=L >0 = B(ats)<0in QCD

by = =L <0 = B(xs)>0in QED
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WHY IS THE BETA FUNCTION NEGATIVE IN
QCD?

(2) (b)

Roughly speaking, quark loop diagram (a) contributes a negative Nf term in bo, while the gluon
loop, diagram (b) gives a positive contribution proportional to the number of colors N, which
is dominant and make the overall beta function negative.

11N, — 2n;

=L >0 = B(ats)<0in QCD

by = =L <0 = B(xs)>0in QED

1

g (i) 2
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WHY IS THE BETA FUNCTION NEGATIVE IN
QCD?

(2) (b)

Roughly speaking, quark loop diagram (a) contributes a negative Nf term in bo, while the gluon
loop, diagram (b) gives a positive contribution proportional to the number of colors N, which
is dominant and make the overall beta function negative.

11N, — 2n; .
bo = —— 5~ >0 = B(xs)<0in QCD
nf .
bo = o <0 = B(O(s)>0 in QED
Ks 4
B 1 Perturbative region
apn(p) = b Tog &
A2QED -_-—_-}
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WHY IS THE BETA FUNCTION NEGATIVE IN
QCD?

(2) (b)

Roughly speaking, quark loop diagram (a) contributes a negative Nf term in bo, while the gluon
loop, diagram (b) gives a positive contribution proportional to the number of colors N, which
is dominant and make the overall beta function negative.

11N, — 2n; .
bo = —— 5~ >0 = B(xs)<0in QCD
B Uz :
bo = o <0 = B(O(s)>0 in QED
4 XEM
1 Perturbative region
apn(p) = AP
0 108 A2QED So{ __..
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WHY IS THE BETA FUNCTION NEGATIVE IN
QCD?

(2) (b)

Roughly speaking, quark loop diagram (a) contributes a negative Nf term in bo, while the gluon
loop, diagram (b) gives a positive contribution proportional to the number of colors N, which
is dominant and make the overall beta function negative.

o= e M >0 = B(ots)<0 in QCD
by = =L <0 = B(xs)>0in QED
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WHY IS THE BETA FUNCTION NEGATIVE IN
QCD?

(2) (b)

Roughly speaking, quark loop diagram (a) contributes a negative Nf term in bo, while the gluon
loop, diagram (b) gives a positive contribution proportional to the number of colors N, which
is dominant and make the overall beta function negative.

o= e M >0 = B(ots)<0 in QCD
T
bo = 5 <0 = B(as)>0in QED
1
Y s 8
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WHY IS THE BETA FUNCTION NEGATIVE IN
QCD?

(2) (b)

Roughly speaking, quark loop diagram (a) contributes a negative Nf term in bo, while the gluon
loop, diagram (b) gives a positive contribution proportional to the number of colors N, which
is dominant and make the overall beta function negative.

11N, — 2n; |

bo = —— 5~ >0 = B(xs)<0in QCD

Uz .
bo = o <0 = B(O(s)>0 in QED
Ks 4
1 Perturbative region
apm(p) = e
b() log A2 .
QED >
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WHY IS THE BETA FUNCTION NEGATIVE IN
QCD?

(2) (b)

Roughly speaking, quark loop diagram (a) contributes a negative Nf term in bo, while the gluon
loop, diagram (b) gives a positive contribution proportional to the number of colors N, which
is dominant and make the overall beta function negative.

11N, — 2n; .
bo = —— 5~ >0 = B(xs)<0in QCD
nf .
bo = o <0 = B(O(s)>0 in QED
4+ XEM
1 Perturbative region
apm(p) = e
b() log A2 ) —
QED So
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WHY IS THE BETA FUNCTION NEGATIVE IN
QCD?

; w

Roughly speaking, quark loop diagram (a) contributes ¢

loop, diagram (b) gives a positive contribution proport &
is dominant and make the overall beta function negativ
I1IN, —2n 1
by = ;2 f >() = ‘ 107
@ Gravity
ny
bo = — 5= <0 =
ST M
zZ
102
= o
&EM M — 2 _II|IIII|III|IIII|IIII|IIII|IIIII 1111
ba log £ T 10 100 10%
0 108 A2 m
QED e E [GeV]
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WHY IS THE BETA FUNCTION NEGATIVE IN QCD?

QED

charge screening

as a result the charge
INncreases as you get
closer to the center

DIELECTRIC &> |
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WHY IS THE BETA FUNCTION NEGATIVE IN QCD?

QCD

charge screening charge anti-screening
from quarks from gluons

DIAMAGNETIC p<| PARAMAGNETIC p>|
(=DIELECTRIC &> 1, SINCE pe=1)
op=—(=1/3+(2 x %)z)q2 - —ng S = (—1/3+22)g2 = g2

3
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gluons align as little
magnets along the
color lines and make
the field increase at
larger distances.




REN. GROUP AND ASYMPTOTIC FREEDOM

Given

1 11N, — 2n;
p— 5 bO —
bo log % 127

s (f4)

[t is tempting to use identify A with As=300 MeV and see what we get for LEP |

R(My) = R (1 | aS(MZ)) = Ro(1 4 0.046)

T

which is in very reasonable agreement with LEP

This example i1s very sloppy since it does not take into account heavy flavor thresholds, higher order
effects, and so on. However it is important to stress that had we measured 8% effect at LEP | we
would have extracted A= 5 GeV, a totally unacceptable value...
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AS: EXPERIMENTAL RESULTS
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MANY MEASUREMENTS AT DIFFERENT SCALES ALL LEADING TO VERY CONSISTENT
RESULTS ONCE EVOLVED TO THE SAME REFERENCE SCALE, Mz,
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MASTER FORMULA FOR THE LHC
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MASTER FORMULA FOR THE LHC

AN o

331E QCQE
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MASTER FORMULA FOR THE LHC

AN

11BN 2o
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MASTER FORMULA FOR THE LHC

¢t
$1E CEQE
L < > UWE
D P
1 2 2
ox = Z/ dr1dzy folz1, p3) fo(xe, i) x Gab—x (71,72, s (uFh), Q2 : Qg )
— Jo Hrp MR

MADGRAPH SCHOOL ON COLLIDER PHEN®MENOLOGY - SHANGHAI - NOV 2015



MASTER FORMULA FOR THE LHC

L < > UWE

long distance:

Q* Q7

TS

)

1
ox = Z/ dxlde fa(xlau%)fb(x%:u%’) X &ab—>X(x17$27(xS(M%{)a
ab 0

MADGRAPH SCHOOL ON COLLIDER PHEN®MENOLOGY - SHANGHAI - NOV 2015



EXAMPLE: T TBAR PRODUCTION

LET’S SEE HOW TO CALCULATE THE CROSS SECTION FOR A SIMPLE PROCESS SUCH
AS PP — TTBAR. THERE ARE TWO INITIAL STATES POSSIBLE, GG AND QQBAR. FOR
GG (WHICH WILL DOMINATE AT THE LHC) WE OBTAIN:

do Lol AN oy n
o =/ / dxidxs g(z1, pr)g(x2, pr) 6(8)0(58 — x1225)
o Jo

WE INTRODUCE THE VARIABLE TAU, THAT IS PROPORTIONAL TO X1 AND X2:

T = — L1292

»w | »»

AND OBTAIN

1,1 7 (S
(S L1L
_:/ dridxs g(x1, ur)g(T2, 1iF) ()5(1 1 2)
0 Jo
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EXAMPLE: T TBAR PRODUCTION

ZL S

dr T L1 L1
dL b d
WE DEFINE THE DIMENSIONLESS PARTONIC gg __ L1 T
LUMINOSITY LGG: — g(xl)g(_)
dT + L1 L1

AND CALCULATE THE TOTAL CROSS SECTION AS:

1
olpp = tt+ X) = / dT - 0yq—15(ST) - - Loes 1o

min / A CONSTANT
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EXAMPLE: T TBAR PRODUCTION

— g luminosity @ LHC
— (q luminosity @ LHC
— Jg luminosity @ Tevatron

— (q luminosity @ Tevatron

Y-axis is propo
It is proportion

as indicated by

lonal to o

if o is independent of §

| to probability

for a parton-panton collision with S

the x-axis.

1000 2000 3000 4000 5000 6000 Vs (GeV)
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EXAMPLE: T TBAR PRODUCTION

)= L dhew 1
IF WE TAKE FOR SIMPLICITY L) — oo T
I xplt+o dr 140 5

[.E. THE TOTAL “CROSS SECTION” WILL SCALE AS A POWER OF 1/MT'*PELTA | OG MT

THE SHORT DISTANCE COEFFICIENT CAN BE EASILY CALCULATED AT LO VIA THE
FEYNMAN DIAGRAMS:

00000 ——— 00000 ——
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EXAMPLE: T TBAR PRODUCTION

L g 392 (m? — t)(m? — u) B gt m?(s —4m?) g% tu — m?(3t + u) — m*
256 4 s2 24 (m? —t)(m? —u) 6 (m? —t)?
_I_gg tu — m2(t + 3u) — m? B 394 tu — 2m?t + m? B 3g% tu — 2m?u + m?
6 (m?2 — u)? 8 s(m? —t) 8 s(m? — u)

3 DIAGRAMS SQUARED + THE INTERFERENCES. THIS AMPLITUDE IS INTEGRATE
OVER THE PHASE SPACE AT FIXED SHAT:

1 +
6gg_>t:—527r/ d cos 0* | M|? /256
—1

EVENTUALLY GIVING:

Gogr = "L (318 + (2 — 188+ 8*) In | 15| - 59)
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EXAMPLE: T TBAR PRODUCTION

| 1 | 1 I 1 | 1 I 1 | 1 I I 1 | 1 I I 1 | | .

5 S do/dmg [pb/GeV]

I i NLO, CTEQ6M, LHC

i 4 _ m, = 175 GeV _

3t 31— ’ —

2l 2 . —

1 1 . —— Central value ]

. _ - PDF uncertainty -

i - -- Scale uncertainties .

0025 0030 0035 0040 0045 0050  0.055 ol by Ly b 1y
300 400 500 600 700 800

tt invariant mass [GeV]

LO ESTIMATION WITH TOY PDF NLO RESULT WITH PROPER MC
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system mass [TeV] for 13.00 TeV, 3.00 fb!

COLLIDER REACH

w

Ll N

©
n

I3 'Y PUR WIS d'D AQ YdeasapI|03/y2 Wwadj dny

©
N

system mass [TeV] for 13.00 TeV, 100.00 fb!

0

0.1 l 1 ! l TR 1[. l ! ! l !
0.5 1 1.5 2 2.5 3 3.5 4 0.1 0.2 0.5 1 2 5

system mass [TeV] for 8.00 TeV, 20.00 fb'l system mass [TeV] for 13.00 TeV, 10.00 fb!

http://collider-reach.web.cern.ch/collider-reach/

I3(13\\ 'Y PUE WEES 'O AQ ydeal-J1api|od/y2> wadj/:diiy
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MASTER FORMULA FOR THE LHC

L < > UWE

long distance:

Q* Q7

TS

)

1
ox = Z/ dxlde fa(xlau%)fb(x%:u%’) X &ab—>X(x17$27(xS(M%{)a
ab 0
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REMARK ON OUR MASTER FORMULA

Q* Q°

pd’ ps

)

1
ox = Z/ dridxs fa,(ajlnu%)fb(xQMLL%’) X 5'ab—>X(CE17x27aS(:u?%)7
a,b 0

® By calculating the short distance coefficient at tree-level we obtain the first
estimate of rates for inclusive final states.

® bven at LO extra radiation is included: it is described by the PDFs in the
initial state and by the definition of a final state parton, which at LO represents
all possible final state evolutions.

® Due to the above approximations a cross section at LO can strongly depend
on the factorization and renormalization scales.

® Predictions can be systematically improved, at NLO and NNLO, by including
hisher order corrections in the short distance and in the evolution of the PDF's.

MADGRAPH SCHOOL ON COLLIDER PHENOMENOLOGY - SHANGHAI - NOV 2015



PERTURBATIVE EXPANSION

Gab—x (S, LF, kr) Parton-level cross section
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PERTURBATIVE EXPANSION

Gab—x (S, LF, kr) Parton-level cross section

® [he parton-level cross section can be computed as a series in perturbation
theory, using the coupling constant as an expansion parameter
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PERTURBATIVE EXPANSION

Gab—x (S, LF, kr) Parton-level cross section

® [he parton-level cross section can be computed as a series in perturbation
theory, using the coupling constant as an expansion parameter

~ _ Bornfq , % (1) (O‘) (2) ( ) (3)
— 1 |
v ( o " 2 " 2T o
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PERTURBATIVE EXPANSION

Gab—x (S, LF, kr) Parton-level cross section

® [he parton-level cross section can be computed as a series in perturbation
theory, using the coupling constant as an expansion parameter

~ _ Bornfq , % _(1) (O‘) (2) ( ) (3)
— 1 |
o “ ( 27’(‘0 T 2T T 27T T
A

4 p
LO

Kpndicﬂomj
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PERTURBATIVE EXPANSION

Gab—x (S, LF, kr) Parton-level cross section

® [he parton-level cross section can be computed as a series in perturbation
theory, using the coupling constant as an expansion parameter

s GBorn (1, % (1) ( ) (2) ( ) (3)
1
7T ( 27T " 2T " 2T i >

A A

4 N O A
LO NLO
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PERTURBATIVE EXPANSION

Gab—x (S, LF, kr) Parton-level cross section

® [he parton-level cross section can be computed as a series in perturbation
theory, using the coupling constant as an expansion parameter

s GBorn (1, % (1) ( ) (2) ( ) (3)
1
7T ( 27T " 2T " 2T i >

A A A

f R f D f R
LO NLO NNLO
\pndcdomj \con\cﬁom) \con'ocdomj
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PERTURBATIVE EXPANSION

Gab—x (S, LF, kr) Parton-level cross section

® [he parton-level cross section can be computed as a series in perturbation
theory, using the coupling constant as an expansion parameter

s GBorn (1, % (1) ( ) (2) ( ) (3)
14 L
7T ( 27T " 2T " 2T " >

A A A A

f R f D f R D
LO NLO NNLO NNNLO
\pndicdomj \corncdom) \con'ocdomj \corncdom)
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PERTURBATIVE EXPANSION

Gab—x (S, LF, kr) Parton-level cross section

® [he parton-level cross section can be computed as a series in perturbation
theory, using the coupling constant as an expansion parameter

s GBorn (1, % (1) ( ) (2) ( ) (3)
1
7T ( 27T " 2T " 2T i >

A A A A

s D s D s D D
LO NLO NNLO NNNLO
kpndicdomj \corncﬁonsj kcorrocdomj \corncﬁonsj

® |ncluding higher corrections improves predictions and reduces theoretical
uncertainties
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PREDICTIONS IN QCD FOR THE LHC:

pp—> n particles

accuracy [loops]

‘ fully inclusive

parton-level

‘ fully exclusive

fully exclusive
and automatic

456789|O

complexity [n]
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CONCLUSIONS
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CONCLUSIONS

LHC pHYsics = QCD + €
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CONCLUSIONS

LHC pHYsics = QCD + €

HAVING A GOOD UNDERSTANDING AND CONTROL OF QCD
PHENOMENOLOGY AT COLLIDERS IS A NECESSARY CONDITION TO
MAKE ANY MEASUREMENT OR SEARCH FOR NEW PHENOMENA.
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CONCLUSIONS

LHC pHYsics = QCD + €

HAVING A GOOD UNDERSTANDING AND CONTROL OF QCD
PHENOMENOLOGY AT COLLIDERS IS A NECESSARY CONDITION TO
MAKE ANY MEASUREMENT OR SEARCH FOR NEW PHENOMENA.

ENJOY AND MAXIMALLY PROFIT FROM THE SCHOOL.!
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EXPERIENCE A ‘“SIMPLE”
NLO CALCULATION YOURSELF

PP—HIGGS+X AT NLO

® | O: [-loop calculation and HEFT

® NLO in the

EFT

» Virtual corrections and renormalization

» Real corrections and IS singularrties

® (ross sections at the LHC
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PP—H+X AT LO,

' ' (! 1) =
Thisis a“simple” 2— | process.
a, { f'-l-p
However; at variance with pp—W, the LO order
process already proceeds through a loop. ¢4 —-—
In this case, this means that the loop calculation, (—q
has to give a finite result! |
mj—
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PP—H+X AT LO,

' ' (! 1) =

Thisis a“simple” 2— | process.
a, { { -I-p

However; at variance with pp—W, the LO order
process already proceeds through a loop. ¢4 —-—
In this case, this means that the loop calculation, (—q
has to give a finite result! |
Let's do the calculation! e
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PP—H+X AT LO,

' ' (! 1) =

Thisis a“simple” 2— | process.
a, { { -I-p

However; at variance with pp—W, the LO order
process already proceeds through a loop. ¢4 —-—
In this case, this means that the loop calculation, (—q
has to give a finite result! |
Let's do the calculation! e

q

z‘Az—(—igs)QTr(t“tb)(—imt>/ (ddﬁ ke ) eu(p)en(q)

v 27)™ Den (

where

Den = (12 — m2)[(£ 4 p)? — m2][(€ — q)* — m?]
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PP—H+X AT LO,

' ' (! 1) =

Thisis a“simple” 2— | process.
a, { f'-l-p

However; at variance with pp—W, the LO order
process already proceeds through a loop. ¢4 —-—
In this case, this means that the loop calculation, (—q
has to give a finite result! |
Let's do the calculation! e

q

z‘Az—(—igs)QTr(t“tb)(—imt>/ (ddﬁ ke ) eu(p)en(q)

v 27)™ Den (

where

Den = (12 — m2)[(£ 4 p)? — m2][(€ — q)* — m?]

dy
[Ax+ By+C(1 —x —y)|3

. . . . 1 1 1—x
We combine the denominators into one by using 160 2/0 dw/O

! 2/d d !
— = T .
Den Y= mi w20 (pr — qy)P?
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PP—H+X AT LO,

We shift the momentum: ——
@, [ £+
¢ =10+ pr — qy !
1 1
> 2 dx d . T | i —
Den / ! y[é’ 2 —mi + Mzay)?
b, v t—gq
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PP—H+X AT LO,

We shift the momentum: ——
@, i
U =10+ px —qy
1 1
> 2 | dx d :
Den / v y[f’ 2 —mi + Mzay)?
b, v

And now the tensor in the numerator:
nj—

q

THY = Tr [(€ +me) V(L +p+my) (L — g+ mye)yY)

Mz ]

— dm, [g“’”(mf — 02— =) a0 1 prg”

where | used the fact that the external gluons are on-shell. This trace is proportional to mt !

This is due to the spin flip caused by the scalar coupling.
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PP—H+X AT LO,

We shift the momentum: ——
@, [ £+
¢ =10+ pr — qy !
1 1
> 2 dx d . T | i —
Den / v y[f’ 2 —mi + Mzay)?
b, v t—gq

And now the tensor in the numerator:

nj—

q

THY = Tr [(€ +me) V(L +p+my) (L — g+ mye)yY)

M2
= 4my [g“’/ (m? — % — —ZH) + 40107 + pY gt

where | used the fact that the external gluons are on-shell. This trace is proportional to mt !

This is due to the spin flip caused by the scalar coupling.

Now we shift the loop momentum also here, we drop terms linear in the loop momentum

(they are odd and vanish) and
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PP—H+X AT LO,

We perform the tensor decomposition using: ——
@, i f+p
kH kY 1 k*
d _ M d
| = =t | e . | -
So | can write an expression which depends only b {—q
on scalar loop integrals:
-1 29?’”% ab/ ddé/ / [75% 2 12 4—d : 2 1
1A = . J 2 dxdyq g"” |m* + ¢ — —I—MH(xy—§)
2dxdy
+p“q" (1 — 4z €.(p)ev(q).
(1= ) b (e

There's a term which apparently diverges....?
Ok, Let's look the scalar integrals up in a table (or calculate them!)
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PP—H+X AT LO,

efi—
kK i T(+o) o e L4
/ 2ryd (2 0~ sa ) T 290
dk 1 i
= — 4m)°T(1 —ie ¢ A -
/ (2m)d (k2 — C)3 32#2( )T +e)C -
where d=4-2eps. By substituting we arrive at b,v f—q
a very simple final result!!
m—

q

2

agm M?2 1 —A4x
Algg — H) = ——= t5“b(g“”—H—p”q“>/dxdy< 5 2y )%(p)ey(Q)-

T 2 mi — mxy

Comments:
*The final dependence of the result is m¢? : one from the Yukawa coupling, one from the spin flip.

* The tensor structure could have been guessed by gauge invariance.
* The integral depends on m and mp.
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LO CROSS SECTION

1 1
otop — 1) = [ do | gl gt ng) 509 — )
70 TOo/ X1

T =16y o =+Te YV T =212 T0=M%/S z=1y/T

a? MEN o, [losVT
— I(—£& dyg(/Toe? Y
64702 | <m2> |~ 70 /log _ yg9(v/10e?)g9(v/T06™Y)

The hadronic cross section can be
expressed a function of the gluon-gluon
luminosity.
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LO CROSS SECTION

1 1
otop — 1) = [ do | (o, ot ig) olog — H)
70 TOo/ X1

T1 =/71eY mo =TTV T =uz129 T0o=Mz/S z=1/T

a MEN o, [losVT
— I —£& dyg(\/To€e” Y
64702 | <m2> |~ 70 /log _ yg(v/T0€?)g(v/T0e™Y)

The hadronic cross section can be sl
expressed a function of the gluon-gluon
luminosity.

|(X) has both a real and imaginary part,
which develops at mp =2m:.

0.7
0n.or

025t
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LO CROSS SECTION

1 1
otop — 1) = [ do | (o, ot ig) olog — H)
70 TOo/ X1

T1 =/71eY mo =TTV T =uz129 T0o=Mz/S z=1/T

al MZN o [lev™
— I —£& dyg(\/To€e” Y
64702 | <m2> |~ 70 /log _ yg(v/T0€?)g(v/T0e™Y)

200 +

100 |

The hadronic cross section can be |
expressed a function of the gluon-gluon oo |
luminosity.

10 b

|(X) has both a real and imaginary part, o}
which develops at mp =2m:. . |

This causes a bump In the cross section. ’ too 200 300 400 500 600
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PP >H+X @ NLO

At NLO we have to include an extra parton
(virtual or real).

The virtuals will become a two-loop calculation!!

Can we avoid that! 0
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PP >H+X @ NLO

At NLO we have to include an extra parton
(virtual or real).

The virtuals will become a two-loop calculation!!

Can we avoid that! 0

Let's consider the case where the Higgs is light:

2

TV 2

aam? ]\42 1 —4x
T =
H
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PP >H+X @ NLO

At NLO we have to include an extra parton
(virtual or real).

The virtuals will become a two-loop calculation!!

Can we avoid that! 0

Let's consider the case where the Higgs is light:

2 M?, 1—4
«4(99—>H)=—asmt5ab(9“”——pq)/dmdy( 2 :cy )

TV 2 —m ny

|
|
i
S
)
=
~
™
=
=
N
S
=

This looks like a local vertex, ggiH.

The top quark has disappeared from the low energy theory but it has left something
behind (non-decoupling).

MADGRAPH SCHOOL ON COLLIDER PHENOQMENOLOGY - SHANGHAI - NOV 2015



HIGGS EFFECTIVE FIELD THEORY

1 as H - . .
Log = ——[1—- =22 G"G This is an effective non-renormalizable theory (no
4 S top) which describes the Higgs couplings to QCD.
1:']!-'-451**':3;_.;:_H~
%“Z‘%ﬁ A H"(p,.ps)
¢ pv _ v,
& H™ (p1,p2) = ¢""p1 - p2 — Pipy.-
svhby
f’d}
piua
'Tn’ﬁ'ﬁﬂ’ﬁ%' -Agf V(P paps)
svh 2
P = VIP(p1,p2,p3) = (p1 — p2)° """ + (p2 — p3)"'g"" + (p3 — p1)" g™,
(b} pioc
Py
= ) abed KV PO wp vo _ _uo VP
y OOSTIEI00I0, A Ko Xoped = Jabeede (9""g g"7g"")
= v _po (o %
= ‘I'facefbde(gu gp o g,u 9 p)

ic) pioc

_I_fadefbce (g,ul/g,oa o g,upgl/a').
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LO CROSS SECTION: FULL Vs HEFT

1 1
otop— 1) = [ do | gl gt ng) 5log — )
TO T0/ X1

100 |

The accuracy of the calculation in the 5o |
HEFT calculation can be directly
assessed by taking the limit m— oo,

20

10 b

For light Higgs is better than 10%. s |

2k

i |

n 100 200 200 400 =00 &an

So, If we are interested In a light Higgs we use the HEFT and simplify our life. If we do so, the NLO
calculation becomes a standard |-loop calculation, similar to Drell-Yan at NLO.

We can (try to) do it!!
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VIRTUAL CONTRIBUTIONS
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VIRTUAL CONTRIBUTIONS

_ Out of 8 diagrams, only two are non-zero (in
% dimensional regularization), a bubble and a triangle.
Q

They can be easily written down by hand.
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VIRTUAL CONTRIBUTIONS

= 6&
_4.6@

Out of 8 diagrams, only two are non-zero (in
dimensional regularization), a bubble and a triangle.

They can be easily written down by hand.

Then the integration over the tensor decomposition

into scalar integrals and loop Integration has to be
performed.
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VIRTUAL CONTRIBUTIONS

:‘Q% 50 Out of 8 diagrams, only two are non-zero (in
3‘ p N /@ % dimensional regularization), a bubble and a triangle.
S A SR
%ﬂﬂ éﬁe 2~ They can be easily written down by hand.

Then the integration over the tensor decomposition
into scalar integrals and loop Integration has to be

performed.
11 ag\ ag H One also have to consider that the coefficient
Lo30 = (1 + - ) Y GM' G, of the HEFT receive corrections which have

to be included in the result.
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VIRTUAL CONTRIBUTIONS

g
"Q% . Out of 8 diagrams, only two are non-zero (in
":3"' - ﬁ"f\ 'x_:l '.‘_,Jlﬂ . . . . .
o " N /j% dimensional regularization), a bubble and a triangle.
.:'_"_;:I . e mman P =) _ x:-. ...... e aen
q)i A 11':“?:}'-1 E'."*-l]"
CH A Ay~ OO . .
20 s - They can be easily written down by hand.

Then the integration over the tensor decomposition
into scalar integrals and loop Integration has to be

performed.
11 ag\ ag H One also have to consider that the coefficient
Lo30 = (1 + ) 3 GM' G, of the HEFT receive corrections which have
n v to be included in the result.
The result is: _
Qg 2 11
i mooti=) [1+ 5200 () o (2 +2ert)]
H
2 2
s m
— _S H (1—|—e—|—€2)lu2€5(1—z)50‘05(1—2) Z = %{/S

OB —
ort T 576v%s
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REAL CONTRIBUTIONS |

e coll asg -‘u‘z ECP
c"(q9) = Orea+ 0. Pot = P09 KE) ‘ qu(z)]
2 2
Qg m 1 — 2 1 —2)(72—3
= 0y 5 CF Paq(2) log —f + pgq(2) log ( ) + ( ) )]
3 2 22
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REAL CONTRIBUTIONS |

4 o (62 +12) —e(t+1)?

2 _
I MJ* = 81 mv? S
66‘51' Integrating over phase space (cms angle theta)
IR S i t=—3(1—2)(1—cosf)/2
. = —5(1—2)(1+cosf)/2
) g 64 (1 — 2)°
Oreal(90) = 005y o™
e ozt =i [
9 2
Qs m (1—2) (1 —2)(72 —3)
oy or O F pgq(g} log ,U—i-H + qu(ﬁ) log > + 2z
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REAL CONTRIBUTIONS |

4 o (62 +12) —e(t+1)?

2 _
I MJ* = 81 mv? S
66‘51' Integrating over phase space (cms angle theta)
IR S i t=—3(1—2)(1—cosf)/2
. = —5(1—2)(1+cosf)/2
(g 64 (1 — 2)° .
Jrea,l(qq_) = 0p Qi o7 ( . ) ﬂnlte!
e ozt =i [
9 2

Qs m (1—2) (1 —2)(72 —3)

oy or O F pgq(g} log ,U—i-H —I—pgq(ﬁ) log > + 2z
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REAL CONTRIBUTIONS |

4 a:g (ﬂ.g +f2) — E(ﬂ+f)2

M|? =
! e M 81 mv? §
6663 Integrating over phase space (cms angle theta)
00 Eﬁf t=—5(1—2)(1—cosf)/2
R = —5(1—2)(1+cosf)/2
q
) g 64 (1 — 2)° |
= |
Oreal (47) = 0 or o7 finite!
o000 00y e H ME= 1 aod (0 + &) - e(tL+ §)°
& 54(1 — €) mv? t
E Integrating over the D-dimensional phase space the
1 , g collinear singularity manifests a pole in |/eps
2 € 2
Qg [ 1 (1 —2)(72 —3) (1—2)
Open] = 0p —Cr | — | e |—— z z) lo
al = 00 o F(mzH) r [ “Pgq(2) + > + Pgq(2) log —
—_— coll. __ T % -I"’!'_2 ‘ C_P >
M(4g) = Opu + o Oct. = 00 [(ﬁ%) Py )]
2 2
(g m (1—2)* (1 —2)(72—-3)
= 005 Cr [pgq(z) log —2;{ + Pgqe(2) log . + P
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REAL CONTRIBUTIONS |1

- - 8 - -
“ 666 - 666 This is the last piece: the result at the
A 36 end must be finite!

'd o
'l -~
-~ a -~ A,
. .
g . H -

':’ﬁ ':’ﬁ 66
3 SR
- - 6
>t - 66 )
= - %
DO W 0000
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REAL CONTRIBUTIONS |1

g . g . -
g 66@ < 660 This 1s the last piece: the result at the
0 s O, O end must be finite!
, i -. o ; .
3 SRS
= S A
3 SRS
A - -
OO W 00007

25 € 2
Treal — CEGA (ﬂ—g) Cr [(E-I—Ei—ﬂ—)ﬁ[l—zj

2m My 2  eCy 3
2 11(1—2)% (1 —2)%(142%) 4+ 2°
—Pgl2) — 5 —4 =2 log »
1 o4 _
N S+ (1—2) (lﬂg(l z}) ] |
z 1—2 +
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REAL CONTRIBUTIONS |1

g - - g
lf-?'} L
(N W
N ,:C‘ ]
If;{. ,\J
AT )
- #-EIIJ.':-‘;F’ -
[} s H
.
I:EI
"jl
I:EI

2 [
(g H
e DA e
70 o (mﬂ) o [

o o)
N O
o A

PO
”ﬁ.::".j'”'-.
O ..

S

Treal —
2 11(1 —3]3
_Epyy(z} ~ 3 N
+41+24+{1_3]4 (
s

1051(1_;3})J .

This I1s the last piece: the result at the
end must be finite!

2/eps cancels with the virtual
contribution Vv
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REAL CONTRIBUTIONS |1

'aﬁa a9 O a9 This I1s the last piece: the result at the
€ FAN (N FAD .
ﬁf}ﬁ. A2 (VS end must be finite!
ﬂ'ﬁj?f.?ffﬂ - ;fjl
- :\:‘l,l-r"r ~ ::".I-IP"F -\.
. ":'j_p-"' LS B *.IP_-_ LS
g H K

2/eps cancels with the virtual
contribution Vv

This I1s the renormalization of the
coulping!!

a £
(g H
Oreal = Op  Ca (—2) Cr ,,

2w My
2 11 (1= 2)?
_Epyy(z} ~ 3 N
1 _ 4 _
+41—|—z +(1 - 2) (lﬂg(l z}) ] |
z 1 — 2z +
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; .4
B
ﬁa gﬁ
o Fan
o 20

. »)

- b

'-\."

RVl
g 7 . H

IL—::‘I

N -
ﬁa ﬁb
{?a _fb
s i
O
- t".j .
Q¥
O

REAL CONTRIBUTIONS |1

This I1s the last piece: the result at the
end must be finite!

2/eps cancels with the virtual
contribution Vv

This I1s the renormalization of the
coulping!!

2 =
Y s K bo
—, — -
ot =20t |- () e

This Is an Initial-state divergence to be
reabsorbed in the pdf

2 1=
coll. s H cr
Oct. =200 KE) " gg(f)] v

MADGRAPH SCHOOL ON COLLIDER PHEN9MENOLOGY - SHANGHAI - NOV 2015




FINAL RESULTS = YOU MADE IT!!

o(pp — H) = Z/ dwl/ dxa fi(x1, ) fi (@2, pp)o(@g) g /mn, pr /s, cs (pr)]

ij 7o

The final cross section is the sum of three

Ne———m—7—————— 1 ————————————
channels: g gbar,q g,and g g. 3 | | | :
The short distance cross section at NLO depends
explicitly on the subtraction scales =
(renormalization and factorization). )
o
I
The explicit integration over the pdf's is trivial (ust |
mind the plus distributions). =
The result is that the corrections are huge!
K factor is ~2 and scale dependence not really 100 150 <00 250 300
very much improved. My [GeV]

s perturbation theory valid?! NNLO is mandatory..
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FINAL RESULTS = YOU MADE IT!!

o(pp — H) = Z/ dwl/ dxa fi(x1, ) fi (@2, pp)o(@g) g /mn, pr /s, cs (pr)]

ij 7o

The final cross section is the sum of three e
channels:q gbar,g g and g g - :

The short distance cross section at NLO depends
explicitly on the subtraction scales
(renormalization and factorization).

The explicit integration over the pdf’s is trivial (just
mind the plus distributions).

a(pp —> H X) [pb]

The result is that the corrections are huge!
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The final cross section is the sum of three
channels:g gbar, g g, and g g.

The short distance cross section at NLO depends
explicitly on the subtraction scales

(renormalization and factorization).

The explicit integration over the pdf’s is trivial (just
mind the plus distributions).

The result is that the corrections are huge!

K factor i1s ~2 and scale dependence not really
very much improved.

s perturbation theory valid?! NNLO is mandatory..

1 1
dzy / dwa fi(w1, wp) i (@2, 1016 (6t /e, tirf 10y 05 (1)

30— I
' LHC
>5[ pr/My=2. pg/Myg=0.5 _
2.0 -
I pp/My=0.5, pp/My=2
t5fp ]
1.0} -
1.5 -
[ NLO
; 1.0
:}.ﬂ . . . . ] . . . . ] . . . . | . . . .
100 150 200 200 300
My [GeV]

MADGRAPH SCHOOL ON COLLIDER PHENOMENOLOGY - SHANGHAI - NOV 2015



